Pt-Ir nanocubes with (100)-terminated facets were synthesized for the first time and their unusual high electrocatalytic activity for a model reaction (i.e., ammonia oxidation) was reported. The key parameters in controlling the shape of the PtIr nanocubes were systematically investigated by transmission electron microscopy (TEM). The electrocatalytic activities of the prepared Pt-Ir and pure Pt nanoparticles (NPs) were characterized by cyclic voltammetry (CV). The results showed that the amount of W(CO) 6 and the volume ratio of oleylamine and oleic acid play a significant role in the development of well-defined Pt-Ir nanocubes. The resultant Pt-Ir nanocubes exhibit (100) orientation, which has been confirmed by not only the structural characterization results from high-resolution TEM (HRTEM) and X-ray diffraction (XRD) but also hydrogen desorption profiles obtained from the CV measurements in H 2 SO 4 solution. Lattice contraction of the Pt-Ir nanocubes were suggested by HRTEM and XRD measurements, and the electronic interactions between Pt and Ir in the Pt-Ir nanocubes were demonstrated by X-ray photoelectron spectroscopy. The Pt-Ir nanocubes show higher specific activity than pure Pt nanocubes and much higher specific activity than the polycrystalline Pt-Ir NPs. The much improved specific activity of the Pt-Ir nanocubes could be attributed to the reason that the introduction of Ir in the Pt-Ir nanocubes largely maintains the highly active Pt (100) sites and thus a positive synergistic effect through the addition of Ir to Pt could be achieved due to the possible bifunctional mechanism and the electronic effect.
INTRODUCTION
Noble metal nanoparticles (NPs) have been extensively studied for various important applications such as fuel cells [1-], catalysis [4] [5] [6] , surface enhanced Raman scattering (SERS), sensors [7] , and biomedical applications [8] . From both experimental investigations on single crystal surfaces and theoretical studies, it has been widely reported that many physical and chemical properties are strongly dependent on the atomic arrangements and thus the crystallographic plane on the surface [9] [10] [11] [12] [13] . Therefore, the shape of the NPs is a crucial parameter in controlling their properties because the shape determines the exposing crystal facets and thus the atomic arrangement and coordination, as well as the fractions of atoms at corners and edges [9] [10] [11] [12] [13] [14] . Among these noble metal NPs, Pt-based NPs have attracted tremendous attention due to their outstanding catalytic properties in a wide variety of significant applications (e.g., fuel cells, petroleum cracking and hydrogenation) and superior corrosion resistance [1, [11] [12] [13] [14] [15] [16] . As a result, great efforts have been devoted to synthesize Pt NPs with controlled shape to tailor their properties such as reactivity and selectivity [11] [12] [13] [14] [15] . For example, cubic Pt NPs exposing (100) surfaces have been found to benefit a wide variety of catalytic reactions [17] [18] [19] [20] [21] [22] [23] [24] . Solla-Gullón et al. [21, 22, 24] reported that the ammonia electro-oxidation is an extremely structure sensitive reaction (it takes place almost exclusively on Pt (100) sites) and thus the cubic Pt (100) NPs are much more active than polycrystalline Pt or Pt (111) NPs. Wang et al. [17] found that the current density measured on the Pt nanocubes is much higher than that of the polyhedral or truncated cubic Pt NPs for the oxygen reduction reaction (ORR) in H 2 SO 4 solution. Tsung et al. [18] showed that in the case of pyrrole hydrogenation, Pt nanocubes enhanced ring-opening ability and thus showed a higher selectivity to n-butylamine as compared with Pt nanopolyhedra. In addition, it has been reported that the Pt nanocube catalyst with the edge of stepped (100) faces favored the breakage of CH 3 OH and CH 3 CH 2 OH compared with polycrystalline Pt nanocatalyst. The Pt nanocube catalyst showed lower onset potential and higher current density compared with the polycrystalline Pt nanocatalyst [23] . Shape-controlled synthesis of Pt nanocubes, which are enclosed by (100) surfaces, has therefore received great attention as high-performance electrocatalysts [16, 25, 26] . More excitingly, incorporation of other metals into the Pt NPs to form bimetallic Pt NPs has been proved to be a promising method for further enhancing the catalytic properties due to the bifunctional mechanism [27] and the electronic effect [28, 29] . For instance, Xu et al. [30] demonstrated that Pt 80 Cu 20 nanocube catalyst was about ten times more durable than its Pt nanocube counterpart for formic acid oxidation. Xu et al. [16] have also reported that PtCu nanocubes show a superior electrocatalytic activity towards methanol oxidation compared with spherical PtCu nanocubes and Pt nanocubes. Similar results have been observed on Pt 3 Co nanocubes [28] and Pt 3 Fe nanocubes [31] for electro-oxidation of methanol and formic acid respectively. Kang et al. [20] reported that the PtMn nanocubes showed better electrocatalytic activities for a series of reactions (including oxygen reduction, formic acid oxidation, and methanol oxidation) than their spherical counterparts.
Among Pt group metals, iridium (Ir) has received great interest as an alloying element for Pt because of its high chemical stability and high catalytic activity towards a range of important reactions [32, 33] . Binary or ternary Pt alloy NPs with Ir showed excellent catalytic activities for electro-oxidation of ammonia [34] [35] [36] [37] [38] , methanol [39] [40] [41] , formic acid [33, 42] and ORR [43] . Vidal-Iglesias et al. [38] found that Pt 75 Ir 25 NPs showed, in the low potential range, an enhancement of the ammonia oxidation current compared with the pure Pt NPs prepared by the same method. It has also been reported that the addition of Ir significantly improves the performance of the PtRuIr catalyst for methanol oxidation [40] . The ORR kinetic analysis by the rotating disk electrode showed that alloying Pt with Ir, especially with 5-20 wt% Ir, enhanced the catalytic activity for the ORR by a factor of more than 1.5 [43] . However, to the best of our knowledge, the shape control synthesis of Pt-Ir nanocubes and investigations of their electrocatalytic behaviour have not been reported to date. Furthermore, it has been found that in some reaction systems such as ammonia electro-oxidation, the addition of Ir to Pt fails to improve the maximum activity compared with the pure Pt although it can enhance the activity at low potentials [38] . Therefore, it remains a very interesting question whether the electrocatalytic activities of the Pt-Ir NPs can be significantly enhanced by simultaneously controlling the composition and the shape of the NPs so that they could be used as promising materials for high-performance electrocatalysts.
In the present work, the synthesis of Pt-Ir nanocubes enclosed by well-defined (100) facets and their unusual enhanced electrocatalytic activity toward ammonia electro-oxidation were reported for the first time. The effects of several important synthetic parameters on the development of Pt-Ir nanocubes were systematically studied. The shape, surface facets, structure and chemical composition of the Pt-Ir nanocubes were investigated by high-resolution transmission electron microscopy (HRTEM), X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS). Ammonia electro-oxidation was selected as the model reaction for understanding the electrocatalytic properties of the prepared NPs, because this reaction is extremely sensitive to the Pt (100) sites. In addition, ammonia electro-oxidation is also very sensitive to the chemical composition of the catalysts and Ir has been found to be the most promising alloying element for Pt [37, 38] . Finally, electro-oxidation of ammonia is especially important since it addresses both the clean energy supply free of CO x and environmental protection, as discussed by several reviews [44, 45] . Through comparison with the polycrystalline PtIr NPs and pure Pt nanocubes, the present work not only demonstrates the shape-and composition-dependent electrocatalytic activities of the Pt-Ir NPs, but also provides a totally different finding compared with the results reported in the previous literature [37, 38] . The Pt-Ir nanocubes exhibit higher electrocatalytic activity (including the maximum activity) towards ammonia oxidation compared with the pure Pt NPs, which has never been reported in the previous studies. It is anticipated that this work provides an insight into the development of advanced Pt-based nanomaterials for high-performance electrocatalysts.
EXPERIMENTAL Synthesis
In a typical procedure for synthesizing Pt-Ir nanocubes, Pt(acac) 2 (20 mg, 0.05 mmol), Ir(acac) 3 (15 mg, 0.03 mmol), oleylamine (8 mL) and oleic acid (2 mL) were mixed in a 25 mL three-neck flask under an argon atmosphere and magnetically stirred vigorously. After the mixture solution was heated to 130°C, W(CO) 6 (0.142 mmol) was introduced immediately. The temperature was then increased to 240°C and kept for 30 min. The reaction mixture was then cooled down to room temperature and the resulting NPs were precipitated by adding hexane/ethanol followed by centrifugation. The final products were redispersed in hexane for further characterization. To find the key parameters for the formation of the Pt-Ir nanocubes, the amount of W(CO) 6 , the volume ratio of oleylamine and oleic acid, and the reaction temperature and time were changed, which will be discussed below. For comparison, pure Pt nanocubes were also prepared under the same condition for synthesizing Pt-Ir nanocubes but without Ir(acac) 3 .
Sample characterization
The shape and morphology of the NPs were characterized by a JEOL2100F TEM. The surface structure of the NPs was characterized by HRTEM and selected-area electron diffraction (SAED) on a JEOL2100F TEM. Quantitative elemental analyses for the composition of the NPs were carried out with an energy dispersive X-ray spectroscope (EDS) equipped on a JEOL2100F TEM. The structure of the NPs was investigated by X-ray diffraction (XRD) patterns, which were obtained on a Rigaku Smartlab diffractometer with a Cu Kα radiation source (λ = 0.15406 nm). Samples for XRD measurements were obtained by dropping the solution containing the dispersed NPs on a polished Si (100) wafer. The chemical states and composition of the elements in the NPs were characterized by X-ray photoelectron spectroscopy (XPS), which were performed with a Kratos Axis Ultra DLD spectrometer using an Al Kα source (1,486.6 eV). The operating pressure was less than 5 × 10 −9 Torr.
Electrochemical characterization
Electrochemical measurements were carried out in a threeelectrode cell using a PARSTAT 2273 potentiostat/galvanostat, with Pt-Ir or pure Pt NPs supported on a glassy carbon electrode as the working electrode, a Pt plate as the counter electrode and a mercury sulfate electrode (MSE) as the reference electrode. The electrochemically active surface area and the preferential orientation of the synthesized NPs were characterized from the steady-state CVs recorded at 0.05 V s −1 in 0.5 M H 2 SO 4 solution. The electrocatalytic activity of the prepared NPs for the ammonia oxidation was characterized by CV measurements at a scan rate of 0.01 V s −1
. The testing solution contained 0.1 M ammonia and 1 M KOH. For the purpose of comparison with the previous work in this area, where the ammonia electro-oxidation testing was conducted on stationary electrodes [37, 44] , a static electrode was used in the present work. All solutions were prepared from ultra-pure water (Millipore, 18.2 MΩ cm) and deaerated by purging a high-purity Ar gas (99.999%) throughout the test. All tests were carried out at 25 ± 1°C.
RESULTS AND DISCUSSION
The reduction of Pt(acac) 2 and Ir(acac) 3 was performed to synthesize Pt-Ir NPs in the presence of the W(CO) 6 , oleylamine and oleic acid. The synthesis parameters including the amount of W(CO) 6 , ratio of oleylamine and oleic acid, reaction time and also the reaction temperature were adjusted to investigate the factors determining the shape of the Pt-Ir NPs. Fig. 1 shows typical TEM images of the Pt-Ir NPs synthesized at 240°C with a reaction time of 30 min, without W(CO) 6 or with different amounts of W(CO) 6 . In all these reactions, oleylamine/oleic acid ratio was kept at 8 mL : 2 mL. It is seen that the amount of W(CO) 6 plays an important role in the formation of cubic Pt-Ir NPs. In the absence of W(CO) 6 , the formation of Pt-Ir nanodendrites is observed (Fig. 1a) . Each NP is featured by a nanoporous structure, which is composed of small NPs with an average size of 3.8 nm. These small NPs are connected with each other to form larger dendritic architectures with recognizable voids between them. The observed dendritic growth of Pt-Ir NPs could be attributed to the limited reduction of the Pt-Ir seeds due to the lack of W(CO) 6 . An autocatalytic process also contributes to the porous and dendrite-like Pt-Ir NPs [46, 47] . Under such circumstance, once Pt has nucleated, the Pt nuclei can serve as catalytic sites for further reduction of Pt(acac) 2 and Ir(acac) 3 , leading to the formation of dendrite-like NPs [46, 47] . Introducing 0.014 mmol W(CO) 6 to the solution has produced different dendrite-like Pt-Ir NPs (Fig. 1b) . It seems that some small NPs are aggregated on a relatively big NPs core. As the amount of the W(CO) 6 increases three times to 0.042 mmol, some ill-defined cubic like Pt-Ir NPs with very rough edge can be observed in the products (Fig. 1c) . The average particle size is 12.1 ± 1.0 nm. As the amount of W(CO) 6 increases to 0.142 mmol, the shape of most NPs is well-defined cubic shape (nanocubes) (Fig. 1d) . The average edge length of the Pt-Ir nanocubes is around 8.5 ± 0.8 nm. According to the statistics based on the TEM observations for over 500 randomly selected NPs, the yield of Pt-Ir nanocubes is about 81%. Composition analysis by TEM-EDS shows that the average Ir/Pt molar ratio for Pt-Ir nanocubes is 27.59 : 72.41 ( Fig. 1f) , which is very close to the composition Pt 3 Ir. The surface structure of the Pt-Ir nanocubes will be further illustrated in detail by HRTEM below. With the further increase in the amount of W(CO) 6 to 0.284 mmol, the edges of the Pt-Ir nanocubes become rough and some overgrowth along the corners of the nanocubes are noticed (Fig. 1e) . The average size of the Pt-Ir NPs is around 8.0 ± 0.7 nm. The above results clearly demonstrate a significant role of the amount W(CO) 6 in the shape-control formation of Pt-Ir nanocubes.
The changes in the volume ratios of oleylamine/oleic acid were performed to further understand the shape change of the Pt-Ir NPs. Fig. 2 shows typical TEM images of the Pt-Ir NPs synthesized at 240°C with a reaction time of 30 min with different oleylamine/oleic acid ratio, and the amount of the W(CO) 6 was fixed as 0.142 mmol. It is interesting to note that dendrite-like Pt-Ir NPs with irregular shape and an average particle size of 5.8 nm (Fig. 2a) have been produced under the identical conditions for synthesizing Pt-Ir nanocubes (Fig. 1d) but without oleic acid. It has been found that the stronger oleylamine binding inhibits the Pt nucleation and thus decreases the amount of seeds [48, 49] . As a result, the overgrowth of seeds along their corners is favored, leading to the formation of dendrite-like Pt-Ir NPs [46] [47] [48] [49] . This suggests that oleylamine used as a single reaction solvent is not able to form nanocubes. When oleylamine/oleic acid was 6 mL : 4 mL in the reaction (Fig.  2b) , most of the NPs are observed to be nanocubes with an average size of 7.7 ± 0.7 nm, which is similar to that synthesized with oleylamine/oleic acid being 8 mL : 2 mL (Fig.  1d) . However, further changing the ratio of oleylamine/ oleic acid to 4 mL : 6 mL significantly changes the shape of the Pt-Ir NPs (Fig. 2c) . Most of the Pt-Ir NPs exhibit a hexagonal shape with an average particle size of 6.5 ± 0.6 nm, with a small mixture of irregular-shaped NPs. The actual shape of the Pt-Ir NPs may be cuboctahedral that matches the hexagonal projection observed in the TEM image [50] . Oleylamine and oleic acid have different functional head groups, i.e., amine group for oleylamine instead of carboxyl group for oleic acid. It has been proposed that oleylamine tends to bind on the (100) planes rather than on the (111) planes, whereas oleic acid has a similar binding ability on both planes [50] [51] [52] . This may result in the Pt-Ir NPs with different shapes. As compared with the results in Fig. 1d , it is clearly found that perfect cubic Pt-Ir nanocrystals were obtained only by using an appropriate ratio of oleylamine/ oleic acid (i.e., 8 mL : 2 mL) in the reaction. Therefore, the combination of appropriate amount of W(CO) 6 and oleylamine/oleic acid ratio is the key to obtain cubic Pt-Ir nanocrystals with high shape selectivity.
To give more insight into the shape evolution of the PtIr nanocubes during the crystal growth, Fig. 3a and Fig.  3c show typical TEM images of Pt-Ir NPs synthesized at 240°C for different times of 5 and 15 min, respectively. At the early stage, Pt-Ir NPs with somewhat cubic-like shape can be observed although their edges are rough without a well-defined feature (Fig. 3a) . Besides, some NPs with spherical and irregular shape can also be found in the prod- ucts. The average edge length of the Pt-Ir nanocubes is 8.5 ± 1.2 nm. Composition analysis by TEM-EDS shows that the corresponding Ir/Pt molar ratio is 19.38 : 80.62 (Fig.  3b) , which is lower than that of the Pt-Ir nanocubes synthesized for 30 min (Fig. 1f) . This indicates that Pt nuclei are first formed during the formation of Pt-Ir nanocubes. After reaction at 240°C for 15 min, most of the Pt-Ir NPs evolved into well-defined cubic shape with average edge length of 8.6 ± 1.3 nm (Fig. 3c) . This is similar to that synthesized at a longer reaction time of 30 min (Fig. 1d) , indicating that further increasing the heating treatment time after 15 min does not have a significant effect on the shape of the Pt-Ir nanocubes. The resultant Ir/Pt molar ratio in this case is 26.74 : 73.26 (Fig. 3d) , which is similar to that of the Pt-Ir nanocubes synthesized for 30 min (Fig. 1f) . Fig. 4 shows typical TEM images of the Pt-Ir NPs synthesized under the same conditions for preparing Pt-Ir nanocubes (Fig. 1d) except that the reaction temperature is lowered to 210°C. It is seen that the overall shape of the NPs consists of nanocubes with average edge length of 8.7 ± 0.8 nm, which are similar to that observed in Fig. 1d . However, the yield of the nanocubes (about 73%) is lower than that synthesized at a higher temperature of 240°C (Fig. 1d) . Furthermore, the composition analysis by TEM-EDS shows that the Ir content in the NPs is about 11.40 at%, which is much lower than that obtained at 240°C. This suggests that high reaction temperature is important to incorporate Ir into Pt. Previous studies also found that the reaction temperature has a strong influence on the chemical composition of the resultant products and lower reaction temperatures favor formation of NPs with a higher Pt content [30, 31, 53] . Fig. 5a shows a representative HRTEM image of Pt-Ir nanocubes, revealing the high crystalline structure of the nanocubes with clear lattice fringes. The surfaces of the nanocubes are smooth without obvious defect throughout the NPs. The observed distance between adjacent lattice fringes is 1.93 Å, which is very close to the lattice spacing of the Ir-Pt alloy (200) plane (refer to JCPDS 88-1728). This not only indicates that the resulting Pt-Ir nanocubes are perfectly enclosed by the (200) planes, but also indirectly supports the formation of Pt-Ir alloy NPs [28, 54] . Fig. 5b shows a SAED pattern of the Pt-Ir nanocubes. It is seen that (200) diffraction ring is strong and (111) diffraction ring is weak. This again indicates the high crystallinity and the (100) texture of the Pt-Ir nanocubes.
To further verify the crystal structure of the Pt-Ir nanocubes, Fig. 6 shows the XRD patterns of the Pt-Ir nanocubes and polycrystalline Pt-Ir NPs, respectively. The diffraction peaks at 40.0° and 46.5° are assigned to (111) and (200) planes of face-centered cubic (fcc) phase, respectively. Compared with the standard diffraction peaks of pure Pt marked as dotted line (i.e., 39.8° for Pt (111) plane and 46.2° for Pt (200) plane, refer to JCPDS 04-0802), the diffraction peaks of the Pt-Ir NPs shifted to a higher 2θ values. This indicates that the lattice parameter decreases due to the addition of Ir atoms into the Pt [33] . For the polycrystalline Pt-Ir NPs, diffraction peak of (111) plane is the strongest and the relative intensity ratio of (200)/ (111) planes is 43%, which is in agreement with that of the polycrystalline Pt-Ir. However, the Pt-Ir nanocubes shows an overwhelmingly increase in the relative intensity of the (200) peak with respect to that of the (111) peak. This suggests that most of the Pt-Ir NPs are nanocubes enclosed by (100) facets and are deposited flat on the surface polished Si (100) wafer [30, 31] .
The above results demonstrate that the shapes of the resulting NPs are strongly dependent upon the experimental conditions (Figs 1-4) . Firstly, the amount of W(CO) 6 plays a significant role in the shape control of the Pt-Ir nanocubes. Without W(CO) 6 , no cubic Pt-Ir NPs can be formed and dendrite Pt-Ir NPs consisting of small NP branches are generated instead (Fig. 1a) . When the amount of the W(CO) 6 is insufficient (e.g., below 0.142 mmol) or too high (e.g., 0.284 mmol), the shape of the Pt-Ir nanocubes is not well-defined (Fig. 1b and 1e) . Only an appropriate amount of W(CO) 6 (i.e., 0.142 mmol) can generate perfect Pt-Ir nanocubes with high yield (Fig. 1d and Fig. 5 ). Previous studies from several groups [28, 31, 54, 55] demonstrate the key role of W(CO) 6 in the shape control formation of Pt-based bimetallic NPs. For example, Choi et al. [55] and Zhang et al. [56] demonstrated the key role of W(CO) 6 in the formation of Pt-Ni and Pt-Cu octahedra enclosed with (111) facets, while Zhang et al. [54] found that the presence of W(CO) 6 favors the formation of Pt-Fe, Pe-Co nanocubes. The present work reveals that an appropriate amount of W(CO) 6 is essential for the formation of Pt-Ir nanocubes. Therefore, it is interesting to note that the effect of W(CO) 6 on the shape of the NPs depends on the alloying elements with Pt. It has been reported that the CO released from the decomposition of W(CO) 6 adsorbs preferentially onto specific surfaces, contributing to the shape-control formation of Pt-based NPs [56, 57] . For pure Pt, CO binds preferentially onto the Pt (100) surface, which results in the formation of Pt nanocubes [55] . However, it is complicated for the Pt alloy NPs. For instance, Choi et al. [55] found that introducing a second metal such as Ni and Cu can change the absorption preference of CO from Pt (100) to Pt (111), leading to the formation of an octahedral shape. In contrast, the addition of Fe, Co or Ir in the present work does not change the CO selectively capping on the Pt (100) surface and thus favors the formation of a cubic shape [54, 55] . Furthermore, Zhang et al. [31, 54] proposed that W atoms decomposed from W(CO) 6 could reduce Pt(acac) 2 to Pt atoms rapidly in the early stage of the reaction, whereas the resultant W cations may be accumulated that will decelerate the subsequent particle growth in the next stage of the reaction [31, 54] . Therefore, this favors a steady growth of alloy particles that usually results in growth more selectively in crystal directions and contributes to the shape control of Pt-Ir nanocubes [31, 54, 58, 59] . However, the edges of Pt-Ir nanocubes grow rough and some overgrowth along the corners can be observed when the amount of the W(CO) 6 is further increased to a higher value of 0.284 mmol. In this case, the larger amount of W cations limit the reduction of Pt or Ir atoms and thereby the reduced Pt or Ir atoms are favored to deposit on the previously formed NPs, leading to the formation of Pt-Ir nanocubes with rough edges. In addition, the ratio of oleylamine and oleic acid is equally important in the synthesis of Pt-Ir nanocubes. To achieve well-defined Pt-Ir nanocubes with high shape selectivity, the oleylamine/oleic acid ratio should be kept as 8 mL : 2 mL (Fig. 1d) . At the beginning of the NPs growth in the solution, it is generally believed that the nanocrystallites (seeds) contain various crystallographic planes on the surface [50, 54, [58] [59] [60] . The nanocrystals with various shapes are developed from these seeds depending on the growth rates of different surface facets. The growth rates are determined by the surface energy, which can be tuned by the capping ligands since different capping agents may have different binding capability on each crystal facet [16, 58] . To ensure the formation of PtIr nanocubes, certain binding agents should be introduced to make the total surface energy of (100) crystal facets to be the lowest so as to facilitate the elimination of other planes during the growth. Although it has been widely reported that the amine group of oleylamine tends to bind on the Pt (100) planes rather than on the (111) planes [50, 51] , the results from the present work clearly demonstrates that oleylamine alone is not be able to stabilized the Pt (100) planes (Fig. 2a) . Only a mixture of oleylamine and oleic acid with a proper ratio facilitates the stabilization of Pt (100) facets and thus benefits the formation of well-defined Pt-Ir nanocubes (Fig. 1d) . Similar results have also been reported on the synthesis of Pt-Fe and Pt-Co nanocubes [54] . Finally, it has been found that the reaction time can have a strong influence on the chemical composition of the Pt-Ir nanocubes. A lower temperature results in Pt-Ir nanocubes with less Ir content.
To investigate the chemical states of Pt and Ir in the nanocubes, Fig. 7 shows the Pt 4f and Ir 4f signals measured by XPS. For comparison, the XPS spectra of Pt-Ir polycrystalline NPs have also been given. The peak position of Pt 4f 7/2 and Pt 4f 5/2 for Pt-Ir nanocubes in the XPS spectrum is 71.1 and 74.4 eV, respectively, which could be assigned to the binding energies of metallic Pt [61] . The binding energies of the Ir 4f 7/2 and Ir 4f 5/2 for Pt-Ir nanocubes are 61.1 and 64.1 eV, respectively, corresponding to the metallic Ir [61] . Compared with the standard Pt(0) and Ir(0) marked as dotted line [61] , the binding energies of Pt 4f 7/2 and 4f 5/2 level in the Pt-Ir nanocubes exhibit a slight downshift, whereas the binding energies of Ir 4f 7/2 and 4f 5/2 electrons are observed to upshift slightly. Similar results can be observed for Pt-Ir polycrystalline NPs. The results in the present work agree with that reported in previous studies of Ir-Pt alloy NPs [33] , where the Pt 4f 7/2 and 4f 5/2 peaks were shifted to lower values and the Ir 4f 7/2 and 4f 5/2 peaks were shifted to higher values. The change of the binding energies of Pt and Ir 4f electrons in the Pt-Ir nanocubes may be ascribed to the electronic interactions, suggesting the formation of Pt-Ir alloys [33] . The atomic ratio of Ir and Pt in the nanocubes is estimated to be 28.3 : 71.7 by XPS, which agrees with that obtained by TEM-EDS.
For comparison, pure Pt nanocubes were also prepared under the same conditions as for the synthesis of Pt-Ir nanocubes but without Ir(acac) 3 . Fig. 8a shows typical TEM image of the synthesized Pt nanocubes. It is seen that the majority of the products are perfect Pt nanocubes. Based on a measurement of over 500 randomly selected NPs, the shape selectivity of Pt nanocubes is calculated to be 87% and the average edge length of the nanocubes is 8.7 ± 0.9 nm. The yield of pure Pt nanocubes is slightly higher than that of the Pt-Ir nanocubes, which may be attributed to the reason that the incorporation of Ir to Pt affects the preferential binding of CO or capping agents on Pt (100) surfaces and thus increases the difficulty of synthesizing Pt-Ir nanocubes. HRTEM image of the Pt nanocubes shows that there are no obvious defects in the well-defined 2D lattices, revealing their highly crystalline structure (Fig.  8b) . The measured lattice distance of the Pt nanocube is 1.96 Å, which corresponds to the lattice spacing of the Pt (200) planes (refer to JCPDS 04-0802). The lattice distance of the pure Pt nanocubes is larger than that of the Pt-Ir nanocubes (Fig. 5a) , suggesting the lattice contraction due to the introduction of Ir to Pt. This agrees well with that observed by XRD (Fig. 6 ) and similar results have been reported for other Pt alloy NPs such as Pt-Co, Pt-Ni and Pt- Fe [28, 31, 54] . A SAED pattern of the Pt nanocubes shows the strong (200) diffraction ring and weak (111) diffraction ring (Fig. 8c) , again suggesting the highly crystalline structure of the Pt nanocubes with (100)-orientated structure. Fig. 9 shows the CVs measured on the Pt-Ir nanocubes, polycrystalline Pt-Ir NPs and pure Pt nanocubes, respectively, in 0.5 M H 2 SO 4 solution. All the CVs exhibit typical potential regions for hydrogen adsorption and desorption, the double layer potential region, and the surface oxide formation and reduction [62] . The hydrogen desorption peaks at about −0.57 V (MSE) and −0.45 V (MSE) in the anodic part are caused by the desorption of weakly and strongly-bound hydrogen species, respectively [19, 23, 62] . It is interesting to note that the hydrogen desorption profiles are different between the cubic Pt, Pt-Ir NPs and polycrystalline Pt-Ir NPs since H-adsorption/desorption is sensitive to the crystallographic structure of the surface [63] . For pure Pt nanocubes, the current peak from the desorption of strongly bonded hydrogen species on the Pt (100) surface is obviously higher than that of the weekly bound-H-atoms desorption. This is the typical feature of (100)-oriented Pt. Similar voltammetric results have been widely reported for Pt NPs with (100) preferential orientation in the literature [19, 23] . The Pt-Ir nanocubes also show a anodic current peak at about −0.45 V (MSE) originated from the hydrogen desorption on Pt (100), which is similar to the pure Pt nanocubes. This is in good consistence with the TEM and XRD results that the nanocubes are dominated by (100) facets. On the other hand, the CV profile of the polycrystalline Pt-Ir NPs in the hydrogen desorption region shows stronger H-desorption current peak at −0.57 V (MSE) than the current peak at −0.45 V (MSE). This is similar to the characteristics of the polycrystalline Pt without showing any preferential orientation. The electrochemically active surface area (ECSA) of Pt-based NPs can be calculated from the CVs according to the following equation [64] :
where Q H is the charge for the hydrogen desorption (mC), Q 0 H is the specific charge for a hydrogen monolayer on Pt (0.21 mC cm −2 ) [65] . The Q H value can be calculated by integrating the area corresponding to the hydrogen desorption after subtracting the double layer contribution.
The electrocatalytic properties of the Pt and Pt-Ir NPs were characterized by a (100) structure-sensitive electrochemical reaction, i.e., electro-oxidation of ammonia [21, 22, 24, 38, 44] . Fig. 10 shows the CVs measured on the Pt-Ir nanocubes, polycrystalline Pt-Ir NPs and pure Pt nanocubes in the solution containing 1 M KOH and 0.1 M ammonia. To reveal the intrinsic activity of the prepared NPs, the current is normalized by the ECSA of the NPs. An anodic current peak is observed at around −0.77 V (MSE), which is attributed to the ammonia oxidation to N 2 as well as N ads [37, 44, 66, 67] . In the previous studies, CV was measured in the absence of ammonia in the solution, and there was no such characteristic current peak [37, 68] . Furthermore, the peak current density depends strongly on the shape and composition of the prepared NPs. For example, the peak current density (1.32 mA cm −2 ) measured on Pt-Ir nanocubes is about 26% higher than that of the pure Pt nanocubes (1.05 mA cm −2 ) and about 6.6 times higher than that of the polycrystalline Pt-Ir NPs (0.20 mA cm −2 ). It has also been found that the specific activity of the pure Pt nanocubes is about 3-6 times higher than that reported for the polycrystalline Pt NPs under the same experimental conditions [69] [70] [71] [72] . This indicates a strong effect of both shape and composition on the electrocatalytic activities of Pt-based NPs for ammonia oxidation and that the Pt-Ir nanocubes have the highest specific activity (i.e., electrocatalytic activity normalized by the ECSA) among these samples.
Generally, the specific activity is related to the intrinsic property of the electrocatalysts, which depends on several factors such as the preferential crystal orientation, surface morphology and chemical composition. Gerischer and Mauerer [73] proposed the mechanism of ammonia electro-oxidation on noble metals (e.g., Pt), which involves the dehydrogenation steps of NH 3,ads to NH x,ads intermediates and N ads . The partially dehydrogenated NH 2,ads species are active intermediates to give the final product of N 2 while the fully dehydrogenated products (i.e., N ads ) poison the Pt surface. It has been widely reported that the electrocatalytic activity of the Pt (100) sites for ammonia electro-oxidation is significantly high [21, 22, 24, 38, 44, 74] . This surface-structure sensitivity has been well demonstrated on both model Pt single crystal surfaces and Pt NPs with (100) preferential orientation prepared by different methods [21, 22, 24, 38, 75] . Through the combination of electrochemical characterizations and in situ infrared spectroscopy measurements, Rosca and Koper [74] pointed out that the difference in activity between Pt (111) and Pt (100) surfaces for ammonia electro-oxidation arises from their different ability to stabilize the adsorbed NH 2 intermediates. Pt (100) surface tends to stabilize the adsorbed NH 2 intermediate, favoring the formation of hydrazine (N 2 H 4 ) which is subsequently dehydrogenated quickly to N 2 [76] . Vidal-Iglesias et al. [77] also found the formation of N 2 H 4 during the ammonia electro-oxidation process by SERS. However, Pt (111) surface gives a deeper dehydrogenation of NH 3,ads to strongly adsorbed NH and N fragments, which fails to form N 2 at an appreciable rate [74] . Density functional theory (DFT) calculations also support that the adsorption of the NH 2 fragment is more favorable on Pt (100) than on Pt (111) [78] . Besides, DFT calculations indicate a much lower adsorption energy of the atomic nitrogen on Pt (100) than that on Pt (111) and Pt (110), slowing down the deactivation process of Pt (100) [78] . This could explain the high activity of the Pt (100) surface. In the present work, both pure Pt and Pt-Ir nanocubes are featured by (100) preferential orientation confirmed by both structural and electrochemical measurements and they thus have much higher specific activity compared with the polycrystalline Pt-Ir NPs.
On the other hand, the specific activity of the electrocatalysts is also strongly dependent on their composition. Vidal-Iglesias et al. [38] have investigated a series of Pt-Me (Me = Ir, Rh, Pd, Ru) alloy NPs for ammonia electro-oxidation. It has been found that among all the investigated binary NPs, Pt 75 Ir 25 NPs produce an enhancement for the ammonia oxidation compared with the pure Pt NPs, but only in the low oxidation potentials. An important loss of the maximum activity was observed for all the binary NPs including Pt-Ir NPs compared with that of the pure Pt NPs. The authors [38] explained this by considering that the addition of Ir to Pt decreases the density of Pt (100) sites on the surface, which are highly active for ammonia oxidation as discussed above. This is also the case in the present work. As shown in Fig. 10 , the polycrystalline Pt-Ir NPs have a much lower specific activity than the (100)-oriented pure Pt nanocubes. However, it is worth noticing that the specific activity of the cubic Pt-Ir NPs is higher than the Pt nanocubes counterpart. Such behavior has never been reported for polycrystalline Pt-Ir NPs. The findings in the present work suggest that a positive synergic effect of Ir could be achieved if the Pt (100) sites are not disrupted, as in the case of Pt-Ir nanocubes. The positive synergic effect of the Ir addition can be attributed to the ability of Ir to dehydrogenate the ammonia molecule at lower potentials [37, 38] and also the possible electronic effect as indicated by the XPS measurements (Fig. 7) .
CONCLUSIONS
Pt-Ir nanocubes with well-defined (100) facets were successfully synthesized, and a comparative investigation of the electrocatalytic activity between Pt-Ir nanocubes, polycrystalline Pt-Ir NPs and pure Pt nanocubes for ammonia oxidation was carried out. The amount of W(CO) 6 and the ratio of oleylamine and oleic acid are the key factors to control the shape of the Pt-Ir nanocubes. The Ir addition to Pt results in a lattice contraction and electronic interactions between Pt and Ir in the Pt-Ir nanocubes, suggested by HRTEM, XRD and XPS measurements. Electrochemical measurements revealed the shape-and composition-dependent activities towards ammonia oxidation. The specific activity of the Pt-Ir nanocubes is much higher than that of the polycrystalline Pt-Ir NPs and also higher than that of the pure Pt nanocubes for ammonia oxidation. This suggests that the incorporation of Ir in the Pt-Ir nanocubes does not disrupt the highly active Pt (100) sites and thus a positive synergistic effect arising from the possible bifunctional mechanism and the electronic effect can be achieved for the Pt-Ir nanocubes. The results highlight the significance of simultaneously controlling the shape and composition of the Pt-Ir NPs as an effective approach to improve the electrocatalytic activity.
